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Abstract
Single quantum dots are solid-state emitters which mimic two-level atoms but with a highly
enhanced spontaneous emission rate. A single quantum dot is the basis for a potentially excellent
single photon source. One outstanding problem is that there is considerable noise in the emission
frequency, making it very difficult to couple the quantum dot to another quantum system. We
solve this problem here with a dynamic feedback technique that locks the quantum dot emission
frequency to a reference. The incoherent scattering (resonance fluorescence) represents the single
photon output whereas the coherent scattering (Rayleigh scattering) is used for the feedback con-
trol. The fluctuations in emission frequency are reduced to 20 MHz, just ∼ 5% of the quantum
dot optical linewidth, even over several hours. By eliminating the 1/f -like noise, the relative fluc-
tuations in resonance fluorescence intensity are reduced to ∼ 10−5 at low frequency. Under these
conditions, the antibunching dip in the resonance fluorescence is described extremely well by the
two-level atom result. The technique represents a way of removing charge noise from a quantum
device.
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Single photons are ideal carriers of quantum information. A quantum state stored in
one of the degrees of freedom of the photon’s wave packet (polarization, phase or time-bin)
can be maintained over long distances. Single photons are therefore important in quantum
communication, for coupling remote stationary qubits, the basis of a quantum repeater, or
for coupling different elements in a quantum device. Furthermore, single photons are the
seed for a variety of quantum optics experiments.
A key challenge is to develop a single photon source [1]. Key parameters are fidelity
of the antibunching, flux, wavelength and photon indistinguishability. Remarkably, solid-
state emitters are presently better able to meet these demands than atomic systems (single
atoms or parametric down conversion). In particular, spontaneous emission from individual
quantum dots embedded in an inorganic semiconductor is a very promising source of highly
antibunched, high flux, indistinguishable photons [2–4]. The antibunching, particularly with
resonant excitation, is very high [5]. The radiative lifetime is very short, typically just less
than 1 ns [6]. The flux is usually limited by the poor collection efficiency: most of the light
is internally reflected at the GaAs-vacuum interface. However, this problem can be solved
by nano-structuring the photonic modes to create a micro-cavity [7] or a photonic nanowire
[8]. In the latter case, collection efficiencies of ∼ 70% have been achieved. The photon
indistinguishability is very high for successive photons [3]. Based on the optical linewidth,
typically a factor of two above the transform limit when measured with resonant excitation
[9–12], the indistinguishability is also reasonably high for photons emitted widely separated
in time. Furthermore, a single quantum dot has also been developed as a spin qubit [13],
facilitating an interface between stationary qubits and photons [14–16].
Unlike a real atom, the exact transition wavelength of a quantum dot is not locked to any
particular wavelength and varies considerably from quantum dot to quantum dot. However,
the host semiconductor can be designed so that considerable possibilities for tuning the
emission wavelength exist. Electric field tuning [17, 18] and strain tuning [19, 20] allow the
emission wavelength to be tuned over several nanometres. A major problem remains. The
emission wavelength is not constant: it varies randomly over time, even in very controlled
environments at low temperature. The culprit at low frequency is electrical noise in the
semiconductor which shifts the emission wavelength via the Stark effect [12]. This noise has
a 1/f -like power spectrum resulting in, first, large and uncontrolled drifts at low frequencies
and second, an undefined mean value. This noise, while poorly understood, is ubiquitous in
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semiconductors and makes it very difficult to couple an individual quantum dot to another
quantum system, another quantum dot for instance, or an ensemble of cold atoms. We
present here a new scheme which solves this problem: we create a stream of single photons
with a wavelength which remains constant even over several hours.
The output of our quantum device is a stream of single photons generated by reso-
nance fluorescence (RF) from a single quantum dot. RF has considerable advantages over
non-resonant excitation of photoluminescence: the linewidth is much lower[11, 12] and the
antibunching is much better. We lock the wavelength of the quantum device to a stable
reference. We generate an error signal, a signal with large slope at its zero-crossing, by mea-
suring the differential transmission, ∆T/T , simultaneously [9, 21, 22]. The control variable
is the voltage Vg applied to a surface gate which influences the quantum dot frequency via
the Stark effect. The performance of the feedback scheme is characterized by, first, measur-
ing a series of snap-shots of the optical resonance to assess the residual frequency jitter; and
second, by carrying out a full analysis of the noise in the RF. This scheme goes well beyond
previous attempts at single emitter stabilization in the solid-state [23, 24]. The absolute
frequency of the quantum dot emission is locked with an uncertainty of just 20 MHz. We
observe a reduction in the noise power up to a frequency of ∼ 100 Hz, high enough to elimi-
nate the substantial drifts at low frequency. Arguably, these low frequency fluctuations have
a classical nature, reflecting charge noise in our solid-state device on millisecond or second
time-scales. On much shorter time scales, there are clear quantum effects: the intensity cor-
relation coefficient exhibits a clear dip between 0 and ±2 ns; electron spins have decoherence
times in the µs regime [13]. As such, this experiment represents a first step towards bridging
these time scales, i.e. quantum control of a solid-state emitter. A sketch of the experimental
concept is shown in Fig. 1(a). A linearly-polarized resonant laser is focused onto the sample
surface and drives the optical transition. The resonance fluorescence of the quantum dot
is collected with a polarization-based dark field technique [11, 14, 25], described in detail
elsewhere [26]. Simultaneously, the optical resonance is detected in transmission by super-
imposing a sub-linewidth modulation to the gate. The transmission signal arises from an
interference of quantum dot scattering with the driving laser [22]. The incoherent part, i.e.
the resonance fluorescence, averages to zero in transmission; what is detected instead is the
coherent scattering, i.e. the Rayleigh scattering. In this way, the experiment utilizes both
incoherent and coherent parts of the scattered light, for the single photon output and con-
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FIG. 1. (a) Schematic view of the experiment. The narrowband laser is stabilized to a fixed
frequency by a wavemeter which in turn is stabilized to a HeNe laser. Laser light is guided through
optical fibers (yellow) and microscope optics before it is focused onto the sample, driving the X0
transition resonantly (BS = beam-splitter, PBS = polarizing BS, Pol. = linear polarizer). Two
simultaneous measurements of X0 scattering are performed: resonance fluorescence (RF) with
a dark field technique, detected with an avalanche photo diode (APD) and absorption with a
photodiode (PD) underneath the sample. The dynamic stabilization is realized with an active PID
feedback loop which corrects for fluctuations in the transition energy using the gate voltage Vg
and the square wave modulation of a function generator (FG). (b) RF signal of the fine-structure
splitted X0 emission of a single quantum dot at wavelength 936.5 nm, a power corresponding to a
Rabi energy Ω of 0.74 µeV and a temperature of 4.2 K. A detuning is achieved by sweeping the
gate voltage. The solid red line is a Lorentzian fit to the data with linewidth Γ = 1.28 µeV (309
MHz) and Γ = 1.45 µeV (350 MHz) and with a fine structure splitting ∆ = 11.6 µeV. (c) The
differential transmission (∆T/T ) signal on the same quantum dot with integration time 100 ms
per point. The red curve is a fit to the derivative of the two Lorentzians. The signal around the
zero crossing point (∆T/T = 0) is used to generate an error signal for the feedback scheme.
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trol, respectively. With a small modulation, the transmission signal has a large slope with
zero crossing at zero detuning and is therefore ideal for the generation of an error signal.
∆T/T , the error signal, is recorded with a lock-in amplifier to reject noise and the lock-in
output is fed into a classical feedback scheme. The feedback output is, like the modulation,
applied to the gate electrode of the device. The set-point of the control loop is the zero
crossing with the goal of locking the peak of the quantum dot RF spectrum to the laser.
The laser itself is locked to a HeNe laser reference.
The self-assembled InGaAs quantum dots, grown by molecular beam epitaxy, are inte-
grated into a semiconductor charge-tunable heterostructure [27]. The quantum dots are
located 25 nm above a heavily n-doped GaAs back contact (n = 1.7× 1018 cm−3). The in-
termediate layer, undoped GaAs (25 nm), acts as a tunneling barrier. A 150 nm GaAs layer
caps the quantum dots and an AlAs/GaAs superlattice (68 periods of AlAs/GaAs 3 nm/1
nm) completes the heterostructure. A Ti/Au (5 nm/10 nm) Schottky gate is deposited on
the sample surface; Ohmic contacts are prepared to the back contact. Bias Vg is applied
between the Schottky gate and the back contact. The sample is placed in a liquid helium
bath cryostat at 4.2 K with a residual magnetic field of 10 mT.
The single quantum dot spectroscopy is performed with a confocal microscope. The
continuous wave laser has a short-term linewidth of 1 MHz. Long-term wavelength stability
of ∼ 2 MHz is achieved by locking the laser to a high resolution wavemeter, itself locked
to a high quality HeNe laser. The size of the focal spot and the collection efficiency of
the single quantum dot RF are both enhanced with a half-sphere zirconia solid immersion
lens positioned on top of the Schottky gate. Fig. 1(b) shows a RF signal from the neutral
exciton transition, |0〉 ↔ |X0〉, where |X0〉 represents an electron-hole complex and |0〉 the
crystal ground state. The RF is detected with a silicon avalanche photodiode (APD) in
single photon counting mode and the detuning of the quantum dot resonances relative to
the constant frequency laser is achieved in this case with the Stark shift induced by the bias
Vg. The X
0 exhibits a fine structure splitting of 11.8 µeV, the two lines having linewidths
Γ = 1.45, 1.28 µeV close to the transform limit of Γ0 = ~/τr = 0.93 µeV (220 MHz) where
τr is the radiative lifetime of the exciton transition (τr = (0.71± 0.01) ns here).
A sub-linewidth square-wave modulation at 527 Hz is applied to the Schottky gate. This
broadens both X0 transitions slightly, here the “red” transition from Γ = 1.45 to Γ = 2.58
µeV. The transmitted light is detected with an in situ photodiode connected to a room
5
temperature current-voltage preamplifier. Lock-in detection of the ∆T/T signal is shown
in Fig. 1(c). With the sub-linewidth modulation, the ∆T/T resonance is proportional to
the derivative of the RF spectrum[21]. There are two points which cross with high slope
through zero, one for each X0 transition. Both crossing points enable a feedback scheme:
∆T/T provides the error signal, Vg the control parameter. For instance, if the transition
energy increases due to electric fluctuations in the sample, ∆T/T moves away from zero.
Once this is detected, a modified Vg is applied to the gate to bring the resonance back to
the set point. For the feedback circuit we use a PID loop. The proportional factor P = 0.1
is chosen with respect to the slope of the error signal, while the integral I = 0.06 and the
derivative constant D = 6× 10−5 were obtained by tuning methods. The signal:noise ratio
in the ∆T/T circuit allows us to run the feedback scheme with a bandwidth up to ∼ 50 Hz
matching the frequency range of the device’s charge fluctuations. The fluctuations of the
nuclear spins exceed the bandwidth of the feedback[12]. The “red” X0 transition was used
for the subsequent feedback experiments because it has a higher ∆T/T contrast than the
“blue” X0 transition.
The performance of the single quantum dot frequency stabilization is put to the test
in a stroboscopic experiment. The X0 transition energy is mapped with a second laser
(linewidth also 1 MHz). The first laser stabilizes the transition with the feedback scheme
at a power corresponding to a Rabi energy Ω of 0.74 µeV. A second laser of identical power
is tuned with triangular function back and forth through the same transition with a rate
of 8.0 µeV/s. The sum of the power of both lasers was selected to lie below the power at
which power broadening becomes significant. A Lorentzian function is used to fit the data
and the center position of the resonance is extracted. In this way, a “snap-shot” of the
resonance position is recorded every 5 s with “exposure time” 100 ms for a total of 1,000
s. The distribution of the peak position can be seen in the histogram in Fig. 2. In Fig.
2(a) and (b), the scanning laser results in an asymmetry: the resonance frequency is more
likely to lie at positive detunings on sweeping from negative to positive detunings, and vice
versa. This is probably related to the so-called “dragging” [28] which is very pronounced
on this quantum dot at high magnetic fields (above 0.1 T) [26]: the nuclear spins polarize
in such a way as to maintain the resonance with the laser over large detunings. In other
words, it is likely that the asymmetries in Fig. 2(a) and (b) are first hints of dragging. The
histogram in (c) is a combination of the data sets of (a) and (b) which are influenced least
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FIG. 2. Histogram of the RF peak position with (a, b, c) and without (d) the stabilization scheme.
A triangle Vg is applied. The scanning rate of the laser is 8.0 µeV/s with period 10 s. Histograms
of the RF peak position for up-sweeps (a) and down-sweeps (b) recorded with feedback. (c) shows
the histogram with feedback, negative detunings from the up-sweeps, positive detunings from the
down-sweeps. A histogram without feedback is shown in (d). The standard deviation σ is reduced
from (d) 0.250 µeV (61 MHz) without active stabilization to (c) 0.089 µeV (22 MHz) with active
stabilization.
by dragging (up-sweeps at negative detuning, down-sweeps at positive detuning). Without
the stabilizing loop, the long term drift results in a broader distribution, Fig. 2(d), the
strong asymmetry reflecting the 1/f -like noise, a drift to the red in this particular case.
The fluctuations in resonance positions are quantified with the standard deviation σE of the
peak positions. Without stabilization Fig. 2(d), σOFFE = 0.250 µeV (61 MHz). With active
stabilization, σ = 0.102 µeV (25 MHz). This value is small enough to be influenced by shot
noise in each data point which results in an energy uncertainty on fitting each spectrum to
a Lorentzian. The shot noise results in an energy jitter of 0.049 µeV, giving σONE = 0.089
µeV (22 MHz), 36% of σOFFE . The measurement of σE represents a measurement of the noise
in a bandwidth from ∼ 1 mHz to ∼ 3.1 Hz. (Noise at higher frequencies is reflected in the
linewidth Γ.) The ratio σOFFE : σ
ON
E would increase if lower frequencies were included on
account of the 1/f -like noise.
The ultimate operation capability of the stabilization system is limited by the random
noise in the output of the PID electronics. In Fig. 1(c) the noise in the ∆T/T signal is
σ∆T/T = 1.45× 10−4. In the ideal case, this determines the energy jitter of the quantum dot
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FIG. 3. (Color) (a) Time trace of the resonance fluorescence (RF) of a single quantum dot (the
one from Fig. 1) with δ = 0 µeV recorded over several hours. The binning time was tbin = 100
ms. The time trace is plotted with (red) and without (blue) the dynamic stabilization scheme.
(b) Noise spectra of the normalized RF signal, S(t)/〈S(t)〉, corresponding to the time traces of (a)
after correction for external noise sources.
resonance position[29],
σE,min =
dδ
d∆T
σ∆T/T ' 0.013 µeV (3 MHz) (1)
where δ is the detuning. This limit, ∼ 100 times smaller than the linewidth, shows the power
of this technique. We have not yet reached this limit in practice. Nevertheless, stabilization
with a residual jitter down to just σf = 20 MHz is achieved.
The frequency locking feedback scheme was also tested regarding its long term behaviour
and bandwidth. The RF signal was recorded over several hours, Fig. 3(a), without (blue)
and with (red) the stabilizing loop. The measurements are accomplished by tuning the X0 of
the quantum dot via the Stark effect into resonance with the excitation laser (δ = 0 µeV) and
then recording the arrival time of each single photon detected by the APD over the duration
of the entire experiment T . Post-experiment, the data are analyzed by setting a binning
time, tbin = 100 ms in this case. For a fixed Vg, the RF counts show large fluctuations up
to a factor of 2 (blue curve). The origin are slow electrical fluctuations in the sample which
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cause the transition to drift out of resonance with the laser. With the feedback on, these
fluctuations disappear and the RF remains at a constant level (red curve). The fluctuations
in the red curve arise almost entirely from shot noise in the detector. The average RF signal
falls slightly with feedback because the applied modulation broadens slightly the resonance.
Insight into the bandwidth of the stabilization mechanism is revealed by a fast Fourier
transform (FFT) of the time trace. Although the shot noise dominates, the shot noise can
be independently measured with a small amount of reflected laser light as a source, allowing
us to determine the noise coming solely from the quantum dot. The FFT of the normalized
RF signal S(t)/〈S(t)〉 provides a noise spectrum[12]:
NRF(f) = |FFT[S(t)/〈S(t)〉]|2(tbin)2/T. (2)
For NRF(f), tbin = 1 µs and T = 2 hours. The noise spectrum of the quantum dot NQD(f)
is obtained by correcting the RF noise by the noise of the experiment Nexp(f) [NQD(f) =
NRF(f) − Nexp(f)]. NQD(f) corresponding to the time traces of Fig. 3(a) are shown in
Fig. 3(b). Without feedback, NQD(f) has a 1/f -like dependence on f as a consequence of
charge noise in the device. With feedback, NQD(f) is reduced by up to a factor of 20 at the
lowest frequencies, and is constant: the 1/f -like noise is eliminated. The two curves meet at
f ' 130 Hz once the bandwidth of the PID circuit has been exceeded. At higher frequency
the noise spectrum is dominated by spin noise[12].
The quantum dot noise NQD(f) under feedback can be linked to the jitter in the energy
detuning, σE. The energy jitter is much less than the linewidth such that the change
in the RF signal (∆RF) is related quadratically to the detuning for fluctuations around
δ = 0. The variance of the RF noise, σ2RF, is related to an integral of the noise curve,
σ2RF =
∫
NQD(f)df [30]. Integrating up to frequency ∆f in the regime where NQD(f) is
approximately constant,
σONE =
Γ
2
(
NQD(0)∆f
3
) 1
4
. (3)
With ∆f = 3.1 Hz, NQD(0) = 1.0 × 10−5, Γ = 2.58 µeV this predicts σONE = 0.073 µeV, in
excellent agreement with the measurement from the stroboscopic experiment (0.089 µeV).
An intensity correlation measurement g(2)(t) was performed with a Hanbury Brown-Twiss
interferometer. Low noise g(2)(t) can only be determined at these count rates (50 kHz per
APD) by integrating over several hours and the feedback is therefore important to ensure
that the detuning of the quantum dot with respect to the laser remains constant. g(2)(t) is
9
shown in Fig. 4 from X0 of the same quantum dot with zero detuning. g(2)(t) falls to 10%
at t = 0. This does not reflect g(2)(0) of the quantum dot but rather the timing jitter of
the detectors which is comparable to the radiative lifetime. We attempt to describe g(2)(t)
with a convolution of g(2)(t) for an ideal two-level atom, g
(2)
atom(t), and the response of the
detectors G(t):
g(2)(t) = g
(2)
atom(t)⊗G(t). (4)
The detector response is a Gaussian function,
G(t) =
1√
2piσD
exp
(
− t
2
2σ2D
)
. (5)
g
(2)
atom(t) of a 2-level system with resonant excitation is,
g
(2)
atom(t) = 1−
[
cos(λt) +
3
4τr
λ sin(λt)
]
exp
(
− 3t
4τr
)
(6)
with λ = (Ω2 − (1/4τr)2)1/2. The temporal jitter of the detector τD = 0.40 ns is measured
independently. Ω and τr are known from other experiments to within 10 − 20% and are
allowed to vary in these windows by a fit routine. The convolution provides an excellent
description of the measured g(2)(t) with Ω = (0.99± 0.1) µeV and τr = (0.78± 0.05) ns. In
particular, with low systematic error we can set an upper bound to the quantum dot g(2)(0)
of 1-2%.
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FIG. 4. (Color) Second-order correlation g2(t) for the stabilized RF from the X0 (black points).
The red curve shows a convolution of the two-level atom result with a Gaussian distribution which
describes the timing jitter of the detectors. The blue curve shows the two-level atom response
alone.
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In conclusion, we have developed a dynamic method of locking the optical resonance of a
single quantum dot to a stabilized laser in order to produce a stream of frequency-stabilized
single photons via resonance fluorescence. Generally speaking, the scheme represents a way
to reduce the local charge noise in a semiconductor.
Now that the basic principle is established, there are options for improving the feedback
scheme. First, the remaining jitter in the quantum dot resonance position can be reduced
by reducing the noise in the transmission detection. Presently, we are far from the limit
defined by the shot noise in the detector current. With lower noise, the feedback bandwidth
can also be increased. The tantalizing prospect is to create transform-limited linewidths
routinely with high bandwidth feedback. A bandwidth of about 50 kHz is required [12].
Secondly, the modulation required here to generate the error signal could be eliminated in
a number of ways. For instance, a dispersive lineshape can arise naturally in reflectivity via
weak coupling to a cavity [31]; or the Faraday effect in a small magnetic field [32] could be
used.
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